The electrical properties of heavily In-doped polycrystaUine CdS films have been studied as a function of the doping level. The films were prepared by vacuum coevaporation of CdS and In. Conductivity and Hall measurements were performed over the temperature range 77-400 K. The conductivity decreases weakly with the temperature and shows a tendency towards saturation at low temperatures. A simple relationship 0" = O"o( 1 + /3T2) is found in the low-temperature range.
I. INTRODUCTION
The electrical properties of polycrystalline CdS films have been studied by many workers. Thermally activated mobilities have been reported in undoped l -4 and doped s ,6 CdS films. Theoretical analysis has been carried out in terms of the model first proposed by Volger 7 and extended by Petritz,8 Seto,9 and other authors.
I -4. IO, 11 According to the grain-boundary trapping theory, free carriers are trapped by trapping states at the grain boundaries, resulting in a depletion region and a potential barrier between grains. On the assumption that current flow is limited by thermionic emission of carriers over the barriers, the mobility is thermally activated with a negative temperature coefficient:
lo exp -(Ea/ T ).
This model has been able to explain most of the electrical properties of polycrystalline semiconductors. However, in CdS, the temperature dependence of the mobility has not been explained well enough. The exponential relationship is not observed; on the contrary, a saturation tendency appears at low temperatures. This behavior has been reported in CdS films prepared by vacuum evaporation,S. 12 spray pyrolysis,4 and hot-wall epitaxy, 13 and with carrier concentration levels in the 1Q16_1019_ cm -3 range. Some authors havereIated this behavior to the tunneling across the barriers. but no analysis has been done on the contribution of this transport mechanism.
M.artinez et al. 14 have developed a model that includes thermionic emission and tunneling through the barriers in polycrystalline Si, with carrier concentrations up to 10 18 cm-3 • Recently, both transport mechanisms have been considered by Seager et al. 15 in the analysis of conduction through GaAs grain boundaries.
In this work we present the results of the electrical conductivityand Hall-effect measurements as a function oftemperature for a series of heavily In-doped CdS films. In order to explain these results we develop a modified version of the grain-boundary trapping theory. We restrict Seto's model to the high doping level case and we consider that grain-tograin transport takes place by thermionic emission and tunneling through the potential barriers.
II. THEORY
We assume, as in Seta's work, that it is sufficient to treat the problem in one dimension. We take into account only the case of high doping level and partial depletion of the crystallite. The conduction-band bottom inside the grain Ec is taken to be at zero energy (Fig. 1 j. In the degeneration case (we can take as a validity condition E F > 3kT), the carrier concentration n within the crystallite is related to the Fermi level by
where m* is the conduction-band effective mass and h is Planck's constant. The abrupt depletion approximation is inappropriate in the degeneration case. Ifwe approximate the Fermi function by its zero temperature limit, f(E,E F) = 1 if E < E F and
where ¢ (x) is the energy barrier. sand s' are the widths of the total and partial depletion regions, respectively, and x = ° is defined by the condition EF = t/l (Fig. 1) 
where ND is the doping concentration and € is the dielectric permittivity. By integrating and applying the boundary conditions, V = 0 and dV /dx = 0 at x = -s', V and dV /dx are continuous at x = 0, we find the energy barrier:
At the grain boundary, NT acceptor trap states become tilled. We will assume that NT is temperature independent.
Electrical neutrality requires
where Q is the charge in the partial depletion region, Q=c!q(dt/l/dx)x=o. From Eq. (4) and identifying n with N D' we obtain
and substituting in Eq. (6),
2ND 5iN D FromEqs. (4)and (7) 
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We consider that the transport through the barriers takes place mainly by thermionic emission and tunneling. The total current can be expressed as J=~+~, ~ whereJ I and J 2 are the current densities associated with each transport mechanism.
When the voltage applied to the crystallite is low enough, i.e., qV<kT, the thermionic emission current density is
where A * = 4'Trqm*k2/h 3 is the effective Richardson constant. V is the voltage applied to the crystallite on the assumption that the voltage drop in the grain bulk is negligible compared with the voltage drop in the barrier. Since the Fermi level is located inside the conduction band, this expression may not be valid. We can take as a validity conditiont/lB -E F >3kT.
A suitable eJ(pression of the tunneling current density J 2 , in the case shown in Fig. 1 and at any other temperature,
For very low voltages, ~ can be considered to be the zerovoltage mean barrier and ..:js = 2s. From Eqs. (4) and (7) we find
According to Eq. (9), the film conductivity can be ex-
is the conductivity associated with the thermionic emission current and (16) is the conductivity associated with the tunneling current. By considering Eqs. (10) and (12) it foHows that LqA *
(t/lB -EF)
where 0'0 = LJoIVo is the limit of the film conductivity at 0 K and from Eq. (11),
With regard to the temperature dependence of the mobility, we can consider that if LN D >N T' the average carrier concentration in the whole grain n coincides with the carrier concentration n in the bulk. 9 Then, in the degeneration case, the mobility obtained from 0' = p.nq has the same temperature dependence as the conductivity, because n;::;;n and n is temperature independent.
ill. EXPERIMENTAL DETAILS
The In-doped CdS films were deposited onto glass substrates at 250 'C by coevaporation ofIn and CdS. The deposition rate was around 15 nm/s. crographs are around 500 nm. The films were formed into van der Pauw clover leaf patterns by mechanical removal of unwanted material, and the electrical contacts were prepared by In evaporation.
The samples were mounted in a Dewar-vessel cryostat and Hall-effect and conductivity measurements were made over the temperature range 77-400 K.
IV. RESULTS

A. By measurements
Measurements were made on six samples (Table I) 
The mobility J.l has values at 300 K between 2 and 20 cm 2 V-I s -I and, Ii being temperature independent, its temperature dependence coincides with that of the conductivity. B. By application of the model
The conductivity at 0 K
As we have pointed out, the conductivity experimental data fits a relationship a = a o( 1 + {3T 2) over a wide temperature range, and so we identify ao with the conductivity at 0 K of the theory.
In our samples with grain sizes around 500 nm and high doping level, we expected LND>NT and therefore n = n.
This last statement has been experimentally verified, as n measured by Hall effect differs from N D less than the N D experimental error (and in the grain bulk n must be equal to N D)' This allows us to identify n with n in Eq.
(1) and with N D in Eqs. (7) and (14). By introducing Eq.
(1) in Eqs. (7) and (14), and these in the expression of a o Eq. (18) we obtain an equation with NT as the only unknown parameter. In Table I the obtained values of NT are summarized.
The temperature dependence of the conductivity
The conductivity as a function of temperature is only dependent on n and NT' Since NT has been determined from a 0' we make use of the other experimen tal parameter {3 in the verification of the theoretical results that, calculated from n andN r , are summarized in The thermionic conductivity is only appreciable at the highest temperatures and lowest doping levels (cf. a l at 300 K in Table I ), so the calculated total conductivity is practically the conductivity associated with the tunnel effect, except at the highest temperature ranges.
With regard to the tunneling conductivity, a2 can be expressed as a 2 = ao(l + F2 T2/6) if F T is smal1 enough.
With the calculated values of Fwe can take this expression as valid, at least over the low temperature ranges (the error is lower than 20% at 150 K for sample 25-1 and lower than 1 % at 300 K for sample 18-1). Therefore, Fand (6(3)1/2 should coincide. In Table I the values of these parameters are summarized.
V. DiSCUSSION
The obtained values of nand N r, and therefore, those of tP B and E F' are consistent with the hypothesis that LN D >N T and with the applicability conditions of the theory E F > 3kT, tPB -E F >3kT, and ¢>kT (obviously, ¢>qV, since qV<kT).
Also, in aU the samples, EF <0.5 tPB and so the WKB method is a suitable approximation in this case. We have assumed that the mobility is limited by the intergrain barriers. Surface scattering is expected to be insignificant for degenerate films with thicknesses around 1.5 fl-m,3.21 so the electrical properties ofthe film are controlled by the bulk. We have neglected the contribution of the grain bulk to the resistivity. We believe that this is a valid approximation in our case for two reasons: first, the mobility temperature dependence is similar to that reported by other authors on CdS films, whose mobilities are limited by the barriers; second, our measured mobilities are much lower FIG. 4 . Experimental values of(olO'o) -1 plotted against T2 for samples 25-3,23-1, and 12-1 in Table I . The linear relationship is observed in a temperature range that increases with the doping level.
than the reported ones 22 -24 on monocrystalline CdS, that are around 300 cm 2 Y -1 S -1 at 300 K and higher at lower temperatures.
There is agreement between the values of NT determined from the tunneling conductivity and the reported ones determined by considering .thermionic emission in the transport in polycrystalline semiconductors. The NT values agree also with the reported value Nss for the surface states density in , N .. = 1.6X 1013 cm-2 ey-I). (To and/3 simultaneously. In theory, the density of filled trap states has been considered temperature independent. Actually, NT determined from (To is its zero temperature limit. (Fig. 6) . We see that the mean barrier height ¢> increases when the carrier concentration increases; simultaneously, the barrier width.ds decreases. This effect is dominant, therefore (To increases, F decreases, and the conductivity is more weakly dependent on temperature for the highest carrier concentrations.
VI. CONCLUSION
The grain-boundary trapping theory is applicable to the heavily-doped polycrystalline CdS films if the tunneling current through the potential barrier is considered.
The conductivity ofthe films is a linear function of T2 at the low temperature range. This behavior appears because tunneling is the predominant transport mechanism at the low temperature range.
The trap-states density and the 0 K conductivity increase when the doping level increases. The temperature variation of the tunneling conductivity and the contribution of the thermionic conductivity decrease; therefore, for the highest carrier concentrations, grain-to-grain transport at room temperature takes place mainly by tunnel effect, and (T at 300 K tends to (T at 0 K.
